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Abstract 
The self-actuating traction drive speed reducer presented in the Journal of Mechanical 
Design, July 2005, Vol. 127 written by Donald R. Flugrad and Abir Z. Qamhiyah is used as a 
reference for the basis of second generation designs. The design equations and 
considerations for gears are presented first as a reference for comparisons made. The work 
and heat generated by clutches and breaks is presented next as a reference for comparisons 
made. A comparison between gears and traction drive rollers is elaborated on, which 
includes the topics of design expertise, heat generated, life considerations, and 
manufacturing. 
The design equations developed by Donald R. Flugrad and Abir Z. Qamhiyah are 
used to develop an equation for the resultant load placed on the roller shaft during steady 
state in terms of the torque requirements. Three alternative roller designs and equations for 
the stresses and deflection at the points of interest are developed, where the resultant load 
calculated for the shaft can be directly inserted into the equations derived. 
Next, five different second generation traction drive designs are developed that 
produce that same theoretical efficiency as the single stage self actuating traction drive used 
as a reference. Each design developed is unique and has not been discussed until now, as 
well as the intermediate roller pair's directions are demonstrated for each design. 
Finally, future recommendations, considerations, and continuing development for the 
self actuating traction drive design are presented, which includes, incorporating elastic 
rollers, composite roller coatings, and producing efficiency testing results. This includes 
x 
using the presented different traction drive designs to be incorporated into a user interactive 
prototype. 
1 
Introduction 
With an ever increasing cost of energy, the efficiency of the transmission of power 
through speed reducers must be increased to meet demands of society. The self-actuating 
traction drive speed reducer presented in the Journal of Mechanical Design, July 2005, Vol. 
127 written by Donald R. Flugrad and Abir Z. Qamhiyah is used as a reference for the basis 
of second generation designs which have the capability of achieving a high efficiency that is 
demanded by society (Ref. I). A single stage speed reducer with a high efficiency does have 
useful applications, but is limited in applications. This limited application of a high 
efficiency speed reducer just is not adequate enough for the variety of speed reducer 
applications possible today. 
Complex gear systems with clutches and brakes are established with a high degree of 
expertise surrounding most aspects of design. An informational analysis will be introduced 
to help understand the traction drive and rollers using gears and bearings. With so many 
unknown factors and little expertise in the area of traction drives, some design equations as 
well as roller design alternatives with equations quantifying the stress and deflection in terms 
of the torque requirements are established. 
Five different traction drive designs are presented; each has definable characteristics 
for different applications. Some conceptual designs presented are additionally used to inspire 
future designs for applications in industry. Others show how a standard geared system can 
be transformed into a traction drive system. Finally, in the pursuit of constant improvement, 
future considerations or design ideas are established. 
2 
Gear Design 
Introduction 
In order to understand a product one must understand the alternative and the critical 
aspects of the alternative. A thoughtful and well informed decision can then be made. An 
overview of gears, brakes, and clutches, and transmissions are presented in this section. A 
more in depth look at the design and manufacturing process of gears will be also discussed. 
There will be no slip between two cylindrical rolling members until the maximum 
available friction force at the joint is exceeded by the requirements of the torque transfer. 
This idea leads to the need for meshing teeth to the rolling cylinders, which then become 
gears. Conceptually, teeth of any shape will prevent slip. The physical laws that govern 
gears will be presented first, as well as nomenclature. 
Design 
The gear design equations presented were found in Norton (Ref. 2). The fundamental 
law of gearing states that the angular velocity between gears must remain constant through 
out the mesh. The angular velocity is equal to the ratios of the pitch radius of the input gear 
to that of the output gear. Additionally, the torque ratio is the reciprocal of the velocity ratio. 
Equation 1 demonstrates the angular velocity ratio and equation 2 shows the equation of the 
torque ratio or mechanical advantage for a set of gears. 
OJ 
m =-in-
v (1) 
(2) 
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The original diameter of the rolling cylinder is defined as the pitch circle; the base 
circle on a respective gear is smaller than the pitch circles. The gear tooth must protrude 
above and below the pitch circle. The amount that protrudes above the pitch circle is called 
the addendum. The amount that protrudes below the circle is the dedendum. There is a 
common tangent to both involute tooth curves at the point of contact, and the normal to the 
common tangent and the contact point is the common normal, which is the line of action. 
The line of action always passes through the pitch point regardless of where in the mesh the 
two teeth are contacting. The pitch point has the same linear velocity in both the pinion and 
the gear, which is called the pitch velocity. The angle between the line of action and the 
velocity vector is the pressure angle. Standard values for the pressure angles are defined at 
the normal center distance as a gear is cut. A linear gear is a rack. 
The dedendum is slightly larger that the addendum to provide clearance between the 
tip of the mating tooth and the bottom of the dedendum circle. The tooth thickness is 
measured at the pitch circle. And the tooth space width is slightly larger than the tooth 
thickness. The difference between the two dimensions is backlash. 
Table 1. Gear design parameters (Ref. 3) 
Parameter 
Pressure angle 
Addendum 
Dedendum 
Working depth 
Whole depth 
Circular tooth thickness 
Fillet radius-basic rack 
minimum basic clearance 
minimum width of top land 
Clearance (shaved or ground teeth) 
Coarse Pitch 
20° or 25° 
1.000 I pd 
1.250 I pd 
2.000 I pd 
2.250 I pd 
1.571 I pd 
0.300 I pd 
0.250 I pd 
0.250 I pd 
0.350 I pd 
Fine Pitch 
20° 
1.000 I pd 
1.250 I pd 
2.000 I pd 
2.200 I pd+ 0.002in 
1.571 I pd 
not standardized 
0.200 I pd + 0.002in 
not standardized 
.350 I pd + 0.002in 
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The circular pitch defines tooth size. The circular pitch is defined in equation 3. 
(3) 
d=pitch diameter 
N = number of teeth 
The diametral pitch is defined in equation 4 
(4) 
The velocity ration can be computed from the number of teeth on meshing gears as 
seen in equation 5. 
N , 
m =-& 
v N 
p 
The length of action is defined in equation 6 
rp and rg =pitch circular radii 
ap and ag = addenda of pinion and gear 
C= center distance 
</J = pressure angle 
(5) 
(6) 
The contact ratio or average number of teeth in contact at any one time is calculated 
from equation 7. 
z 
m =-
P Pb 
(7) 
Pb= base pitch 
5 
It is now known that a "functioning" gear can be made though the use of the above 
equations and tables. It will have the proper number of teeth. The addendum and dedendum 
heights are properly defined according to AGMA. The proper velocity and torque ratios are 
obtained for the required constraints for the product's design. The load considerations are 
now of interest to a designer. For it is the loading and fatigue situations which govern a 
design. The loading on meshing gear teeth experience a force acting along the line of action, 
which is broken into two components. Friction is often, neglected in this calculation. The 
force can be resolved into two components. The first is the tangential force. The second 
component is the radial force. The tangential component can be found form equation 8. The 
radial component can be found from equation 9, and the resultant load can be found from 
equation 10. 
The tangential load is 
W = _2 P_d_T_P 
I N 
p 
T p=torque on pinion or shaft 
Np=number of teeth 
Pct= diametral pitch 
The radial load is 
The resultant load is 
W=~ 
cos </J 
(8) 
(9) 
(10) 
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The contact ratio defines how the teeth can take all or part of the load W at any 
location from the tip of the tooth to a point near the dedendum circle. The worst case loading 
is when the resultant load acts on the tips of the teeth. This produces the largest moment arm 
possible. The transverse shear and maximum bending moment will be located at the root of 
the tooth. 
The stress in a gear tooth was developed by W. Lewis in 1892; his equation is shown in 
equation 11 (Ref. 4 ). 
The bending stress in a gear tooth according to Lewis is 
(11) 
F= face width 
Y = is a dimensionless factor published 
The AGMA defines the bending stress equation differently which directly relates to 
the fatigue life. The bending stress uses the main body of the Lewis equation but with an 
updated geometry factor that is published. Additionally it is known that the gears will go 
through a variable loading situation, which requires fatigue life calculations and 
considerations to be made by the engineer. Numerous advances and testing have resulted in 
well defined criteria for modifying the stress in order to accurately define a factor of safety in 
fatigue life. 
Pre fatigue life many engineers used limiting loads that ensured a high factor of 
safety. Analytical Mechanics of Gears by Earle Buckingham used a limiting wear load in 
equation 12 (Ref. 5). 
(12) 
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Where; Q= ratio factor 
K=load-stress factor for materials 
D 1=Pitch diameter of pinion, in . 
F=face width of gears 
This limiting load should be equal to or slightly greater than the dynamic load. 
Because the impact loading usually will, be small and very insignificant because of the 
design criteria used, engineers of the past knew and understood this. With modern 
knowledge and capabilities new criteria have been set forth for design considerations, which 
for the most part rely heavily on fatigue life considerations. 
Equation 13 is used by the AGMA in order to determine a modified bending stress. 
The AGMA equation for stress is 
(13) 
The geometry factor J can be evaluated from AGMA Standard 908-B89. It is 
important to comment that the geometry factors differ for pinions and gears . 
The dynamic factor Kv is used to try and account for the vibration loads that occur. 
The dynamic factor involves the quality index of the gear set. Qv. 
A systems of equations is used to determine the dynamic factor as shown in equation 
14 through equation 14d. 
The dynamic factor is 
K = A ( J
B 
v A+JV: (14a) 
Where A is 
A = 50 + 56(1- B) 
and Bis 
B = (12 - QJ2/3 
---- for 6 ~ Qv ~ 11 
4 
Where Y1max is 
Vrmax =[A+ (Qv -3)]2 ft I min 
8 
Qv is the quality index of the lower quality gear in the mesh. Figure 1 shows the 
(14b) 
(14c) 
(14d) 
curves and relationships of the pitch line velocity and the quality index. 
l.O 
0.9 
0.8 
K,. 
& 0.7 
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0.6 
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0 I 000 
() 5 
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Figure 1. Quality index (Ref. 6) 
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The load distribution factor Km accounts for axial deviation in the tooth form. A rule 
that is used is to keep the face width between defined limits as shown in equation 18. 
A useful rule for face width is 
(18) 
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The nominal value is 
F=l2/pd (19) 
Table 2 gives tabulated values for the face width 
Table 2. Face width (Ref. 7) 
Face Width Km 
in (mm) 
<2 (50) 1.6 
6 (150) 1.7 
9 (250) 1.8 
?20 (500) 2.0 
The application factor Ka takes into account the type of load being placed on the gear 
set. For example, if the load is from an electric motor there are relatively smooth operation 
conditions for the gear set. Yet, if extreme conditions are used where impact loading is of 
concern the application factor is used. 
The AGMA has not established values for the size factor K5 • The AGMA 
recommends the size factor be less than 1 unless the designer wants to account for certain 
known situations. A conservative approach would be to use 1.25 to 1.5. 
The rim thickness factor Kb was recently used by AGMA to account for a large 
diameter gear that was not a solid disk, but more like a rim and spokes of a bicycle wheel. 
Equations 20 and 21 are used to determine the rim thickness factor. The equations account 
for the situation in which the rim factor is not required. 
(20) 
tR = rim thickness 
ht = depth of tooth 
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The Rim thickness factor is 
K 8 = -2m8 + 3.4 for .5 :=:; m8 :=:; 1.2 (21) 
Idler Factor K1 is used to account for an idler gear which is subjected to more cycles 
and stress over time than non-idler gears. Additionally, larger alternating loads are 
experienced by idler gears. To account for the idler gear K1 is set to 1.42. Otherwise the 
idler factor is not required and is set to 1. 
The bending stress and all of the modification factors have been established. It is also 
imperative that the surface of the gear teeth be taken into consideration when designing a 
gear. Modification factors are again used to account for all of the stress experienced by the 
gear surfaces as seen in equation 22. 
wt cacm cc 
Fld C s 1 
v 
(22) 
Cp = elastic coefficient which accounts for differences in the gear and pinion materials. The 
factors Ca, Cm, Cv, and Cs are equal to Ka, Km, Kv, and Ks values. Equation 23 defines the 
surface geometry factor, which takes into account the pressure angle. 
1 = cos¢ 
( _1 +-1 Jdp 
P" P8 
(23) 
pp is defined in equation 24 as 
11 
(24) 
pg is defined in equation 25 as 
-c . .11+ Pg - sm.,, _Pp (25) 
C = center distance 
Xp = 0 for full depth teeth, and the percentage of how long addendum teeth are. For 
example Xp=.25 for 25% long addendum teeth. 
The elastic coefficient Cp accounts for the differences in materials of mating gears. 
The equation uses the modulus of elasticity for the pinion and gear as well as the Poisson ' s 
ratios as seen in equation 26. 
c = p 
1 (26) 
For conventional manufacturing methods the surface finish factor Cr is 1. The value 
of Cr can be increased to account for rough surface finishes. 
Bending Fatigue strength is additionally corrected for using a life factor, temperature 
factor, and a reliability factor as seen in equation 27. 
The corrected bending fatigue is 
(27) 
The test data for the life factor are conducted at 1E7 cycles, any other number of cycles must 
be interpolated from this data. Figure 2 shows the relationships. 
5.0 
4.0 
400 HB 
3.0 
:asl' :..:arhur1 ;:ed 
250 HB 
2.0 
160 Hl3 
KL 
1.0 
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0.8 
0.7 
0.6 
12 
1.0 
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0.8 
0.7 
0.6 
0.5 -4----'----'--'-"-'--l--'---'-__.;_l--_.;..__.;_;..;..+__.;..-_.;..-+--- --'-I----'--'--'--+--'--'-'---+----+- 0 .5 
102 108 1010 
Number of load cycles N 
Figure 2. Life factor (Ref. 8) 
The temperature factor can be set to 1 for temperatures up to 250 degrees F. For 
higher temperatures equation 28 can be used. 
The temperature factor is calculated as 
K = 460+TF 
T 620 (28) 
The Brinell Hardness number directly relates to the bending strength. Additionally 
the surface fatigue strength can be calculated from equation 29. 
The surface fatigue factor is 
(29) 
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The CT and CR factors are identical to the KT and KR counterparts in bending. The 
life factor accomplishes the same principals as the life factor in bending, but uses a different 
S-N curve based on different testing parameters. CL can be seen in the figure 3 below. 
l.O t-==-tt=-=:s-~~rt+=t0t==lJt~~;:::==~:j=:~yt I .O o.9 I o.9 
0.8 0.8 
0.7 0.7 
0.6 0.6 
0.5 -4----'-__.. __ ....;._.,___.;....._;-1-_;_---.;. ......... __ ---.;.-1--_;_-..;.;.i_ __ ...;...;.i ___ ~ 0.5 
1010 
Number of load cycles N 
Figure 3. Surface life factor (Ref. 9) 
CH is a hardness ratio designed to account for pitting resistance. 
(30a) 
Where m g is the gear ratio and A is found from 
HB 
If __ P ~ 1.2 then A= 0 (30b) 
HB8 
HB HB 
If __ P ~ 1.7 then A= .00898--P -.00829 
HB8 HB8 
(30c) 
HB 
If __ P 2:: 1.7 then A = .00698 (30d) 
HB 8 
For surface hardened pinions (>48 HRC) 
(31) 
B = .00075e - oi i z R. (31a) 
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The factor of safety for the resultant stress and the surface stress is the corrected 
fatigue strength for the proper material usually steel divided by the resultant stress. It is the 
same for calculating the surface factor of safety. 
The bending stress factor of safety is 
FS = S fb 
(jb 
The surface stress factor of safety is 
( S1c J2 FS= -
(Jc 
An appropriate factor of safety can be used depending on the application. 
Engineering expertise and judgment should be used for each specific application. 
Manufacturing 
(32) 
(33) 
The pitch circle only comes into being when two gears are mated, which is a gear set. 
There will be some range of center to center distance over which a mesh between gears can 
be achieved. Due to manufacturing processes the nominal pitch diameters for which the 
gears were designed may not be obtained. If the gear form is not involute, then an error in 
the center distance will cause vibrations. The output velocity will then not be constant for a 
constant input velocity. However if an involute tooth form is obtained, center distance errors 
do not affect the velocity ratio. 
In some cases the dedendum will be large enough to extend below the base circle. 
This will not be involute and will interfere with the tip on the mating gear. Undercutting 
weakens the tooth by removing material at its root. The maximum moment and shear for the 
loaded tooth occurs at the root region. Severe undercutting will cause early tooth failure. 
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Cast Irons posses low tensile strengths, low costs, high wear resistance, and they also 
possess higher graphite inclusions which make them more acoustically sound. They do 
though have lower tensile strengths which requires more material to handle the higher loads. 
Steels have superior tensile strengths, and they are cost competitive when in a low 
carbon form. They require heat treatment to obtain a surface hardness high enough for many 
applications, however, low load or speed applications may not require heat treatment. Lower 
carbon steel can be carburized to case harden them. Secondary finishing methods are 
required sometimes to remove heat treatment distortion. 
Bronze is the most common non steel material used in the manufacturing of gears. 
The bronze material allows for deflection which improves shared loading between the teeth. 
Steel pinions and bronze gears are often used. 
Non Metallic Gears are often made through injection molded operations; 
thermoplastics are one of the main materials used for the mass production of gears. Different 
materials added to the thermo plastics such as Teflon are used to reduce the friction . Non 
metallic gears produce low noise but are limited due to their tensile strength. 
Backlash 
Another consideration affected by changing the center distance is backlash, which is 
defined as the gap between mating teeth measured along the circumference of the pitch 
circle. Manufacturing tolerances dictate that a zero backlash cannot be achieved, since all the 
gear teeth cannot be manufactured to have the same exact dimensions, and all teeth must 
mesh without jamming. This dictates that there must be some small difference between the 
tooth thickness and the space width. As long as a gear set is run with a nonreversing torque, 
backlash is not taken into consideration. When the torque changes the gear teeth will change 
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contact sides, the backlash gap will be traversed and the gear teeth will impact, which causes 
noise. Bacf lash and the impact can be potentially destructive due to the impact loading; 
additionally control systems can try and compensate for the backlash that occurs. The 
backlash cannot be compensated for entirely in control systems, and highly sensitive or 
highly precise control systems require anti-backlash gears. 
Summary of gears 
The development and equations regarding gears have been highly developed over 
time and are very complete, but there is always room for more development. The design 
considerations and equations do call for some engineering experience and judgment but are 
very complete with in themselves. There are many different considerations to take into 
account when designing gears. One of the main considerations to take into account for is 
manufacturing of the gears. The variability introduced into the final gears during the 
manufactur~ng process requires a well planned design. The application additionally requires 
a well developed design. A large percentage of the gears manufactured require secondary 
processes a~ well as machining, which is costly with respect to not machining or using a 
secondary process. 
17 
Clutches and Brakes 
Introduction 
Additionally, clutches and brakes have a very large impact on the consideration of a 
traction drive versus a transmission. The amount of material, the energy Jost due to the 
clamping and friction, and the heat that is generated as well as dissipating the heat. 
A clutch is a mechanism designed to connect or disconnect the transmission of power from 
one working part to another. There are many different varieties of clutches, but they all 
accomplish the same thing. The function is to connect or disconnect the flow of power from 
the engine or motor to the output. The clutch provides a smooth, gradual connection and 
disconnection of two members having a common axis of rotation. Brakes and clutches are 
generally dependent on the sliding friction between solid surfaces. A brake acts similarly as 
a clutch with the exception that one of the members is stationary. 
Work and heat 
The equations presented were found from Juvinall and Marshek (Ref. 10). 
Either a brake or a clutch must be designed to satisfy three basic requirements. 
l. The required friction torque must be provided by an acceptable actuating force 
2. The energy converted to friction heat must be dissipated without producing 
destructively high temperatures. 
3. The wear characteristics of friction surfaces must be such that they provide an 
acceptable life. 
The total normal force acting on the area of contact is shown in equation 34. The 
uniform wear rate is assumed to be a constant product of the pressure and velocity, or a 
18 
constant pressure and radius. The greatest pressure occurs at the inside radius. The 
maximum pressure has a value determined by the characteristics of the friction lining 
material. The value of p in the equations below can be replaced by Pmax· 
ro 
F = J 21lprdr = 1lp(r02 - r/) (34) 
Where Fis also the driving forces clamping the driven disks together. 
The total torque that can be developed over the entire interface is 
ro 2 
T = J 21lpfr2dr = "3Jl]Jf(r} - r/) (35) 
r, 
For a clutch with N interfaces the torque that can be developed is 
ro 2 
T = J 21lpfr2 Ndr = "31l/Jf (r} - r/ )N (36) 
r, 
With the maximum torque at the inside radius as a governing factor the equation is 
used to calculate the outer radius. 
19 
Table 3. Representative properties of friction materials, operating dry (Ref. 11) 
Maximum Bulk 
Maximum Pressure Temperature 
Dynamic 
Friction 
Friction Material Coefficient psi kpa OF oc 
Molded 0.25-0.45 150 - 300 1030 - 2070 400 - 500 204 - 260 
Woven 0.25 - 0.45 50 - 100 345 - 690 400 - 500 204 - 260 
Sintered Metal 0.15-0.45 150 - 300 1030 - 2070 450 - 1250 232 - 677 
Cork 0.30 - 0.50 8 - 14 55 - 95 180 82 
Wood 0.20 - 0.30 50 - 90 345 - 620 200 93 
Cast iron, hard steel .15 - 0.25 100-250 690 - 1720 500 260 
The rate at which heat is generated on a unit area of friction interface is equal to the 
product of the normal clamping pressure, coefficient of friction, and rubbing velocity. The 
kinetic energy to be dissipated in reducing the rotational speed from ro1a to ro 1b may be 
expressed in terms of the gear ratios and the moment of inertia shown in equation 37a. 
]( 2 \,- 2 2 KE= - 11 + l 2 N 21 J...l01 a -mlb) 
2 
(02 2 Where N 21 = - and J 21 = mr8 , m=Wlg 
m, 
J 1 is the total inertia of each rotating member 
]z is the moment of inertia of whatever is rotating 
N21 is the speed ratio 
(37a) 
(37b) 
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The kinetic energy to be dissipated during slowing or stopping is 
(38) 
When translation occurs the kinetic energy from the linear motion must also be 
included in the energy that must be dissipated from velocity Ya to Vb as shown in equation 
39. 
I KE~~[ Nwmw( :: )' +m Jv}-v,' )+ w (39) 
Nw =total number of wheels 
m = the total mass 
rg =radius of gyration of wheel 
rw = outside radius of wheel 
The heat generated is simply equal to the work done over time. 
(40) 
The heat dissipated uses the basic heat transfer equation shown below. 
(41) 
C = specific heat 
A= Area 
ts= surface temperature, ta= atmospheric temperature 
It is established that the energy to break or clutch is equal to the work done, and the 
work done i ~ dissipated from the system in the form of heat, which is a major design 
consideration. 
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Roller Design Theory 
Introduction 
The self actuating traction drive speed reducer featured in the July issue of the Journal 
of Mechanical Design has inspired further analytical considerations to be made. An 
important consideration in this design is the shaft deflection. The shaft deflection almost 
dictates the maximum transmitted load. As the magnitude of the load increases the shaft 
deflection also increases. An analytical approach will be demonstrated to take into account 
the magnitude of the forces that cause shaft deflection. 
Resultant load on shaft 
When designing a traction drive, two essential parameters must be established. First, 
the speed reduction ratio must be known. Second, the required transmitted or required torque 
must be known. These two parameters will be, assumed to remain constant through all of the 
following equations. Manipulation of the torque requirement cannot occur, yet the radii of 
the input and output members can be altered so long as the ratio remains constant, larger 
radius may be required as the magnitude of the load increases, to decrease stress. 
The ratio of the speed reduction has been established by 
(42) 
The power transmission is assumed to have a loss equal to zero under ideal 
conditions. The input power will then equal the output power 
(43) 
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The angle at which the traction drive operates is predetermined by the geometry of all 
of the members as a function of the member's radii. The equations regarding the derivation 
of the angles were developed by Flugrad and Qamhiyah (Ref.1). 
y 
Figure 4. Geometry and forces related to one set of intermediate rollers (Ref. 12) 
In conjunction with the friction coefficients, these angles are required to ensure the 
self actuati~g characteristics. Additionally these angles are required to perform an analysis 
on the forces to find the magnitude of the resultant force acting on the shaft of the 
intermediate rollers. Equations 43, 44, 45, and 46 are the resulting equations used to 
determine the angles. 
(43) 
R is the distance from point Q to the contact point between rollers 3 and 4. R is 
expressed in, terms of the roller radii as 
(44) 
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Knowing the distance from point Q to the contact point between roller 3 and 4 the 
expression for a, can be calculated as 
(45) 
Then a 2 is easily determined for the following expression 
(46) 
The main equations for the angles have been established and can be seen in the figure 
5. In the figure below the geometry and forces for one typical outer intermediate roller are 
shown. 
y 
Figure 5. Geometry and forces for one typical outer intermediate roller (Ref. 13) 
The final required angle lf/ can be calculated from the other angles previously 
established. 
(47) 
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All the angles required for further calculations have been established. Now the forces 
that are acti1ng on the system will be explored. Since the input and output power are 
transmitted through frictional forces 
(48a) 
(48b) 
Aftt;r substitution into equation 42 and substitution of the radii to replace the angular 
velocity it becomes apparent that 
(49) 
Using equations 48 and 49 by substitution leads to equation 50, which shows the 
function directly relating the input and output torque to f. 
(50) 
The following equations are used to determine the expressions for F3 and F4 
(r - r) 
5 2 cos a + cos(a + a )-1 R 2 I 2 
~= f 
sin(a, +aJ (Sla) 
(r - r) 
5 2 cos a - cos(a + a ) + 1 R I I 2 
F = f 
4 sin(a, + a 2 ) 
(Slb) 
Summing the moments about point 0 in figure 5 determines that the frictional forces 
are equal 
(52) 
AddJtionally, the normal force acting at the point of contact between an intermediate 
pair of rollers is 
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(53) 
The resultant force acting on the outer roller in figure 5 must be found in order to 
determine the shaft deflection. An analytical approach will now be presented to obtain the 
resultant load on the outer roller. First, the torque load placed on the traction drive is the 
source of al~ the forces. The friction force is defined in terms of the torque, and will be 
substituted into all of the equations. To ease the transition, the equations below are written in 
terms of the torque. 
As noted above in equation 50, one can see the input torque divided by the radius of 
the input member is equal to the output torque divided by the radius of the output member. 
The output torque is of main interest as a loading on the intermediate rollers; therefore it is 
used in the following equations. 
Substituting the frictional force with a value in terms of the frictional force will 
I 
directly allow for calculations to be made involving stress and deflection. 
_ [ (r, ~ r, ) cos a, + 1 }os qi- cos¢ ( Ts J 
F34 - ------------
sin(a1 + a 2 ) rs 
(54) 
(55) 
(56) 
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Now, the reaction load is calculated from the normal and frictional forces acting on a 
single roller, as the term F 64 . The forces are summed in the direction perpendicular to 
F34 along the direction of f 34 in order to determine that F 64 is 
F64 - F4 sin l/f + f 4 cos l/f + f 34 = 0 
F64 = F4 sinl/f- f 4 COSl/f- f~4 
(57) 
(58) 
A demonstration of the computation using F4 =10, the coefficient of friction is equal 
to 0.30, and I// = 18 degrees. 
F64 =10lbsin(l8)-3lbcos(l8)-3lb = -2.7629lb (60) 
This demonstrates that the greatest value would be -6, occurring at an angle of 0 
degrees. It also demonstrates that the reaction component F 64 will always be smaller than 
the normal force F4 , which is very helpful in design considerations of stress. Only one roller 
is shown because the reaction force is the same on both rollers, this can be found through 
summing the moments on the roller link about the point P. 
There is no need to calculate a resultant load, since this is not what is of interest, the 
load F64 is the load the shaft places on the roller, and the force F64 is the bending moment 
placed on the shaft by the roller. A compressive force composed of the resultant vectors of 
the two normal forces and the two frictional forces on both sides of the roller occurs. The 
vectors sum to equal zero. It is also appropriate to show that when summing the forces to 
determine F34 , f 34 does not contribute to the normal force, which is intuitive, but is 
demonstrated here for use in future design applications, such as determining load and torque 
capabilities. 
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(61) 
(62) 
Roller alternative 1 design 
The hollow roller geometry designs were inspired by research completed by 
Johannsen, which concluded that hollow rollers will perform better (Ref.14 ). With the 
resultant load established as a function of the torque requirements the shaft deflection and the 
stress of the shaft can now be calculated. Below in the following sections three different 
geometries will be analyzed using the resultant loading calculated previously in equation 62. 
The first gepmetry is a hollow roller without a tube around the shaft, which can be seen in 
figure 6. Castigliano's method of the strain energy theorem is used to produce the equations 
that quantify the stress in the end disk, the max deflection and the bending stress in the shaft. 
A 
/ / 
SECTDN A-A 
SCALE I: I 
Figure 6. Rigid hollow roller 
A 
The standard equation for a beam of any geometry in bending is 
My 
(J bending = J (63) 
This standard equation is used just as a reference to keep in mind when going through 
the calculations. The bending stress that will usually result in failure occurs at the end disk. 
The rigid dilsks will fail because of bending due to the resultant load and the concentration 
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factors associated with the assembly and welding of the end disks to the hollow cylinder. 
Additionally, the end disks will cause failure because the rigidity of the design does not allow 
for elastic deformation which is desirable in the traction drive roller design. 
The bending stress is calculated using a differential equation starting with the force 
and working the equations down to the slope and displacement. The assumptions that are 
made include setting the deflection to zero where it is rigidly held in place, and the other 
assumption is the slope is equal to zero at the midpoint of the shaft. Using the Castigliano's 
method and these assumptions leads to the equations quantifying the stress and deflection. 
The stress in the end disk that was derived includes two concentration factors that are 
recommended. Figure 7 shows the reference geometry that will be used in further 
calculations. 
For all of the resulting equations it is important to note that the equations derived are 
for very low speeds which can be assumed to be static. In the case of the traction drive once 
steady state is reached the forces in theory will remain constant, which is highly 
representative of static conditions. Through the assumptions of efficiency combined with no 
slip conditions, the calculations represent the parameters of stress and deflection very 
accurately. 
a 
Figure 7. Rigid hollow roller geometry 
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The bending stress in the rigid hollow roller is 
/JMH 
a b=--
at 2 
(64) 
The bending moment about the hub or plate that holds the bearing and shaft in place 
rigidly with the cylinder is 
~ _ Rb 
H - [ ] 2 2/s 
l+ at 3 (L-2b) 
(65) 
The stress concentration factors alpha and beta have been adapted through the years 
as the processes and capabilities have improved. The concentration factors are 
/J = 1 le--4.6( r /a) (66) 
[
_C- .1052] 
a=9.3 _a __ _ 
1.951-_C 
a 
(67) 
I 
The ~ending stress of the shaft is a result of the difference of the moments. 
(R:-MH} 
a=-----
s I 
s 
(68) 
Of all the calculations made involving the roller, end disk, and shaft the deflection of 
the shaft is one of the critical parameters to take into consideration in a traction drive design. 
If the deflection is too high the rollers will come out of contact, and results in little to no 
transmission of power. The deflection of the shaft is 
=-l-[-RbL2 + M HL2 + Rb 3 - M Hb 2 ] 
y I EI s 16 8 12 2 
(69) 
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Roller alternative 2 design 
NeT , an analysis will be presented on a design that decreases that magnitude of the 
loading on the end disk and results in a lower end disk stress. Figure 9 shows the cross 
sectional arba of the roller with a tube and figure 8 shows the geometry of the hollow tube. 
l 
A 
SECTION A-A 
SCALE l : l 
A 
Figure 8. Rigid hollow roller with tube 
t 
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Figure 9. Rigid hollow roller with tube geometry 
The end disk bending stress equation remains the same with the same concentration 
factors shown in equations 66 and 67. The bending moment has changed though due to the 
added tube. Adding this tube reduces the bending moment, because of the increase of Ir . 
(70) 
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The bending moment equation has remained the same with the exception of IT . 
Rb M --------
H - 2[1 + 2(1 s + IT ) ] 
at3(L-2b) 
(71) 
The same concentration factors are used as in equations 66 and 67. 
/J = 1 le-4.6( r /a) (72) 
I [..c _ .1052] a=9.3 _;..a __ _ 
1.951-..c 
a 
(73) 
M1 is the total new bending moment. M 1 is equal to the sum of M H and MT. 
Rb[l+ 21T ] 
at\L-2b) 
M---=------=--
1 - [1 + 2(1 T + I,) ] 
at3(L-2b) 
(74) 
The bending stress in the shaft now can be calculated using M1 instead of M H. 
(75) 
The bending stress in the tube is simply in the same form as a beam in bending, where 
the bending moment of the tube is used. 
(76) 
The bending moment of the tube is 
(77) 
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Or it can also be expressed as 
(78) 
Finally, the deflection of the hollow roller with a tube can be calculated. Again, the 
deflection is one of the critical parameters throughout all of the calculations for the design of 
a traction drive and the torque requirements allowed for operation. 
(79) 
Roller alternative 3 design 
An analysis will be presented on a design that allows for elastic deformation over the 
entire surface of the roller. Figure 10 shows the cross sectional area of the roller. Figure 11 
shows the geometry of the hollow tube with an elastomer filling. 
Steel Cylinder 
SECTON A-A 
SCALE l: l 
Elastic Matenal 
Sleel Shaf 
Figure 10. Elastic filled hollow roller 
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Figure 11. Elastic filled hollow roller geometry 
All of the boundaries of the different material are in contact, and all of the geometries 
share the same axis of rotation. It has been assumed that the deflection of each member is 
the same. Then the moment placed on the steel member and the moment placed on the 
elastic member can be determined. The stress for each member of the roller assembly is 
presented in equations 80 - 82 
(J = M rollerY 
roller [ 
roller 
M shaft Y 
(Jshaft = [ 
shaf t 
(J = M elastomer Y 
elastomer J 
elastomer 
(80) 
(81) 
(82) 
In order to calculate the stress in each member of the assembly, the bending moment 
on the assembly is calculated from a standard beam equation with a distributed load over the 
entire surface of the beam, which is representative of the loading placed on the roller 
assembly. The bending moment on the assembly is shown in equations 83a and 83b. 
M = m)2 
ass em 24 (83a) 
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Force F Where: ma = = 64 from equation 58 
Length Length 
(84b) 
It is also known that the total moment of the assembly is equal to the sum of the 
moment placed on each individual component of the assembly. 
M roller + M shaft + M elastomer = M assem (85) 
The maximum deflection occurs at x = !:_ and the equation quantifying the deflection 
2 
y = m)4 = _12_( mJ2 J = M componenJ 2 
384£/ 16£/ 24 16£/ 
(86) 
The same application of the substitution can be used for each individual bending 
moment directly into the deflection equation. An assumption is made that the deflection of 
each individual component in the assembly is equal. 
M ro/le) 2 M shafJ 2 M elastome) 2 
l 6£steeJ roller l 6£ steeJ shaft 16£ elastomer/ elastomer 
(87) 
Establishing equations 86 and 87, there are the three individual moments that are 
unknown and three equations that can be used to solve for these unknowns. 
The first equation is 
M ro/le) 2 M shafJ 2 
l 6£steeJ roller l 6£steel/ shaft 
(88a) 
Solving for the bending moment on the roller yields 
M = M shaft / roller 
roller / 
shaft 
(88b) 
The second equation is 
M shafJ 2 
16 E steeJ shaft 
M elastome) 2 
16 £ elastomer J elastomer 
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Solving for the bending moment on the elastomer provides 
M = M shaft £ elastomer J elastomer 
elastomer £ J 
steel shaft 
(89a) 
(89b) 
Substituting equations 88b and 89b back into equation 87, a solution for the bending 
moment of the shaft can be found, as seen in equation 90c. 
M shaft J roller + M + M shaft £ elastomer J elastomer M 
/ shaft E / = ass em 
shaft steel shaft 
(90a) 
Combining the bending moment on the shaft terms simplifies into 
M [1 + J roller + £ elastomer J elastomer ] = M 
shaft / E ass em 
shaft steel/ shaft 
(90b) 
A simplified solution defining the bending moment on the shaft is 
M shaft = [ M assem ] 
1 + / roller + E elastomer / elastomer 
/ shaft E steeJ shaft 
(90c) 
The bending moment on the elastomer material in terms of the bending moment on 
the shaft was established in equation 89b. The bending moment on the elastomer material in 
terms of the bending moment on the assembly is shown in equation 91, and the bending 
moment of the roller in terms of the bending moment on the assembly is shown in equation 
92 which was found from equation 88b. 
M elastomer = [ M assem ] Eelas;,omer~elastomer 
1 + J roller + £ elastomer/ elastomer steel shaft 
J shaft £ steeJ shaft 
(91) 
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(92) 
The stress of each component of the roller assembly can now be calculated in 
equations 80, 81, and 82. The limiting factor is recognized as the stress on the elastomer, if 
the stress on the elastomer is greater than the ultimate loading capabilities of the elastomer, 
tear out will occur and cause failure. The deflection can be calculated from equation 86. 
The maximum deflection allowed correlates to the amount of deflection required to bring the 
rollers out of contact. 
The moment of inertia for the components is demonstrated in equation 93 for the 
roller, equation 94 for the elastomer, and equation 95 for the shaft. 
"( 4 4) I roller = - rollerOD - roller/D 
4 
Telast = tr ( roller1~ - shaft~D ) 4 
(93) 
(94) 
(95) 
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Gears Versus Rollers 
Introduction 
This section is intended to highlight and expand on the material presented so far for 
gears and rollers. Traction drives and rollers have a place in our ever changing society, yet in 
some cases it is just more feasible to use a gear box. It is believed that a good over all plan is 
the best way to perform engineering on a project or product. With this in mind one must be 
well informed of the alternatives for a particular project. 
Design expertise 
First, as one can see there are just as many known and unknown factors that go into 
designing a speed reducer of any kind. Going through the material presented above it is 
apparent that there is not a quick and easy solution to either design problem. Gears and their 
design have been highly developed over time, since the industrial revolution. This expertise 
has lead to very developed stand alone equations that will give a designer the confidence 
required for a final product. This confidence does come at a price, which will be discussed. 
The traction drive and roller designs have been around since the early twentieth century, and 
the principle of continuous variable transmissions has been around even longer, such as a 
sharpening stone roller connected to a belt drive. The age of the two different alternative 
designs can be assumed to be close, and usually with age comes expertise. 
Cones move 
outward 
Cones move 
lll\vard 
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Diameter 
decreases 
Figure 12. Early 20th century CVT (Ref. 15) 
The gears, though, took over as a primary way to transmit power with speed ratios, 
because friction and slipping arose between cylinders in contact. In more recent years this 
barrier of friction was used as a benefit to produce traction drive designs. There are a few 
applications in the world today where traction drive designs and continuous variable 
transmissions are being used, even in a commercial setting, but due to the patent protection, 
company confidential information, and intellectual property rights, the development of 
design criteria for friction based speed ratio devices has not been publicly established. This 
hindrance currently is a barrier to be overcome. Completing this research and the developing 
of the equations were done with fewer resources, when compared to the resources for gears. 
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Heat generation 
Following the section presented on the heat generation from brakes and clutches, this 
section provides a reference to show what is occurring and why. For gears, bearings, and 
traction driye rollers the efficiency depending on the heat generated. If the efficiency is 1, 
then there is no work lost, where the heat generated is produced from the work lost. If the 
efficiency is less than 1, then the heat generated is equal to the work lost. With this 
understanding a highly efficient mechanism that transmits power, creates less energy 
consumption, which is a hot topic because of rising energy costs. Also the destructive power 
of the heat generated is also of concern. All materials have a loss in strength as the 
temperature rises to certain levels specific to a material. 
The idea is a highly efficient transmission which is highly desired, and it is easier to 
design because the heat generated is small. Additionally, a few design concepts will be 
presented that allow for the highly efficient nature of the traction drive used no brakes or 
clutches that also induce energy loss. 
Life considerations 
Considering the life of gears and rollers is a very complicated topic. Please, think 
about a time that you have had a catastrophic gear failure in industry, a commercial product, 
or personal designs or products. Gear failure is not a reoccurring issue in industry today. 
This is because of the highly developed design criteria and high factors of safety. 
Now consider two rollers in contact, it is commonly known that rollers in contact will 
fail and probably rather quickly. The maximum contact pressures and the "flatted" areas of 
contact are given in the classical equations of Heinrich Hertz. Below the surface and on the 
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load axis is an important shear stress associated with the Poisson's ratio, the expansion and 
compression of the material. Below the surface, and to each side of the load axis, is shear 
stress. This is particularly important in rolling members because it reverses direction in any 
given point as any given point below the surface passes through the contact zone. Some 
sliding often accompanies rolling and causes both a tangential surf ace shear stress and a 
reversed surface tangential stress. 
Two other very important factors regarding stress in the contact region are (1) highly 
localized heating and thermal expansion caused by the sliding friction and (2) hydrodynamic 
pressure distribution within the oil film that normally exists in the contact region. There are 
many contributing factors that cause surface damage, and because of these numerous factors 
the maximum Hertz contact pressure is not always by itself an adequate index of contact 
loading severity. 
The Hertz contact stress is shown below for cylinders (Ref. 16) 
(96) 
The derivation of this equation assumes that the contact is frictionless; the contacting 
bodies are elastic, isotropic, homogeneous, and smooth; the radii of curvature Rl and R2 are 
very large in comparison with the dimensions of the boundary of the surface of contact. 
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Figure 13. Shear stress below surface (Ref. 16) 
From the Hertz equation presented two very important assumptions were made (1) 
sliding occurs and friction is assumed to not be present. The traction drive designs are 
assumed to have no sliding, and the friction is what drives the system. This presents a 
question of, does a designer use the Hertz equation when designing a traction drive? 
The American Railway Engineering Association gives allowable loading for a steel 
cylinder on a flat steel plate (Ref. 17). 
(j y -1300 
P = 600d For d<25in 
20,000 
(97) 
(j y -1300 
P = 600d For 25<d<l25in 
20,000 
(98) 
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If the motion involved is a true rolling motion without any slip, then under conditions 
of slow or uniform motion the stress conditions are comparable with those produced by static 
loading. If there is even a slight amount slip the conditions are very much more severe and 
failure is likely to occur through mechanical wear, which reaffirms the Hertz equation. 
Bearings, especially roller bearings, seem like a very good approximation of the life 
of the rollers in a traction drive. When the motion involved is at high speed and produces 
cyclic loading, as in the ball and roller bearings, fatigue is an important consideration. A 
great many tests have been made to determine the fatigue properties of rolling elements. 
Such tests have been carried out to as many as 1 billion cycles and with Hertz stresses up to 
750,00lb/in"2 (Ref. 18). The number of cycles to damage has been found to be inversely 
proportional to the fourth power for line contact, in roller bearings. The only key here in 
making a comparison of roller bearings to the rollers in a traction drive is roller bearings are 
lubricated which induces thin film stresses, and slipping does occur, because the normal load 
on the bearing is not always greater than the frictional force, in terms of the coefficient of 
friction. 
The self actuating traction drive design presented (Ref. 1) can be explained with a 
simple example, a wedge door stop will elaborate on the idea of slipping occurring in 
bearings and not traction drive rollers. Think about a wedge door stop, the force placed on 
the door presents a normal and frictional force on the door stop at the point of contact. 
Additionally, the door stop has a frictional and normal force at the points of contact with the 
floor. Once the frictional force is greater than the normal force between the floor and door 
stop, because of the force placed on the door slipping will occur. Now, consider a traction 
drive roller. The geometry has been calculated to insure that the normal force between 
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rolling elements will always be greater than the friction force between rolling elements. The 
question then arises, can a traction drive roller be compared to a roller bearing. 
It is believed that a traction drive roller will out perform a gear or a bearing in 
efficiency and in life. Only time, testing, and building a vast expertise on the life of traction 
drive rollers will tell. 
Manufacturing 
Some of the manufacturing issues have been presented in the gear section of this 
paper. A gear might be cast then machined, or entirely machined. However a gear is 
manufactured, the tolerances and dimensions are a key factor in functionality. With a 
traction drive roller, a simple turning operation is all that is required, or stock standard 
hollow tubes may even be used, which may or may not require machining. Additionally, the 
tolerances and dimensions are not as sensitive as gear's tolerances or dimensions. This 
simplifies the manufacturing of rollers for a traction drive, when compared to manufacturing 
gears. 
Materials used for each alternative will present the same problems, such as tensile 
strength, and to a degree life performance issues. The heat generated may have different 
effects on the materials for the different alternatives. The materials currently used for 
bearings are likely candidates for traction drive rollers. Contrary to the idea the loading on 
the shafts of the roller is expected to be less than normal and frictional forces, which can be 
calculated in the above load equation (58). 
Gears and traction drives are very different, but they perform the same function of 
transmitting power, and creating speed ratios. The differences of the two alternatives make 
them more desirable for different applications currently, additionally the age of the traction 
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drive and the expertise built on the subject is more limited, which hinders an engineer's 
confidence in a traction drive design. Time will tell, if gears will be replaced by traction 
drives. 
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Two Speed Mechanical Actuator Designs 
Conceptual designs 
In this section are two different two speed mechanical actuator designs that will be 
discussed. Each design engages or disengages the rollers, depending on the speed ratio that 
is desired. The first design diagram can be seen in figure 14. Tl and T2 are mechanisms that 
apply a torque to the linkage supporting the intermediate roller that will either engage or 
disengage the roller pair. Since the design involves only one roller assembly being engaged 
at a time, the input torque on each assembly is in the same direction as the input angular 
velocity, which is clockwise. 
INPUT 
s 
OUTPUT 
I 
~T2 
R 
AXIS OF ROTATION 
Figure 14. 2 speed torque design 
The over all equations used to solve for the angular velocity of both designs is 
First S Last D 
(99) 
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First R Last D 
(100) 
The second design involves replacing the springs within the original design with 
pneumatic pistons. These pistons will be used to engage or disengage the intermediate 
rollers with the input and output members. The pneumatics assembly is labeled in figure 15 
as Al and A2. Since, the design involves only one roller assembly being engaged at a time 
the input torque into each assembly is in the same direction as the input angular velocity, 
which is clockwise. 
INPUT 
Roller direction 
s 
OUTPUT 
I 
~A2 
R 
AXIS OF ROTATION 
Figure 15. 2 speed pneumatic design 
The roller directions have been established through calculations made involving the 
angular velocity and the torque, which used the work by Michael J. Harper as a reference for 
understanding roller directions (Ref. 19). The resulting roller directions can be seen in figure 
3 along with the frictional forces on the intermediate rollers. The input angular velocity is 
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clockwise and the input torque is also clockwise for both designs. For both designs the first 
stage and the second stage have the same roller directions due to the engaging and 
disengaging of the intermediate roller pair. The drawings of the conceptual design do not 
show roller directions, the roller directions for these designs are shown in figure 16. 
Figure 16. Roller assembly for all stages 
Conclusions 
The conceptual uses of these designs are almost unlimited. When a speed ratio must 
be established for a product, assembly, or a subassembly in a direction along the axis of 
rotation or parallel to the axis of rotation these designs will effectively meet such criteria. 
Additionally, the original traction drive design is theoretically highly efficient. These 
designs capture the highly efficient nature, but also do not suffer losses due to braking or 
clutches, which makes these designs even more attractive. These designs can be repeated to 
establish as many speed ratios as required. 
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There are not any foreseen problems with a torque initiated speed ratio design. There 
is a foreseen design obstacle with the pneumatic initiated speed ratio design. The design 
obstacle is establishing correct angles in which the pneumatic assembly is placed in the roller 
assembly. The correct angle must be established to initiate self actuation, but also not create 
interference with the outer ring, intermediate roller, or the shaft. An assembly, exploded 
view, and the roller assemblies can be viewed for both designs on pages 49, 50, 51 , 52, 53, 
54, 55, and 56. 
49 
w 
..... 
I= 
> 
..-
I 
..-
.c g ..... 
7 
0 
a 
" 
0 
~ 
w 
w 
:c 
w 
..... 
<( 
() 
PtoPUITAlY ANC-CONflDft.mAL 
IHE .. UOtMAIO ... CO..alAl ... 10 N IME 
0'A.WI~ I> IMf SOii PfOPUIY 0~ 
< l...tSUI COMPA ... Y ~ME HUE >-. A...rY 
'fP,ODLCIO"' N PAVI O'ASA \,1,,111Q1 I 
..... IMOLll IMEWflllEi..I PEfMISS0 ... 0~ 
< lo.Elll'ICOMPA••l'r' '-"ME MfH >- 6 
Pli'QMllliO . 
5 
o.llXl-'SSY tJSEOOt.l 
UHLRS O THERVuBE 8 PECIFIEC> : 
Dllv'EHSIO HS ARE IH H C HES 
TO LERAH C ES: 
FRACT K> HALz 
AH C UAR: fv'A C H! SEHi> z 
TW> PLA CE DECIM'IL 
THREE PLA CE C>EChVAL 
1 ... IUPll"ll CEOME1'1C 
IOllfAl-CI~ Pie: 
M._IU~I 
~1..a511 
AP•11C-'IO... 00 ... 01 SCA.ii O,A...., NC 
4 3 
DRAVvH 
C HE CKED 
EHG APPR . 
r.Jf<G APPR. 
<:>.A. 
CO l\M!lEHTS: 
HAlv'f 
JAB 
MTE 
10-15-05 
2 
~ 
TITLE: 
EXPLODED VIEW 
RATIO CHAGES 
THRU TORQUE 
SIZE DWG. NO . REV 
A TDl-2 
SCALE:l :2 WEIGHT : SHEET! O Fl 
Vl 
0 
~ tr 
H-O ff'ErbP'I' .u. D c.oi. nD[hfl.U 
""r1 .. ro1w..,r11et"' c.o.,r1e.,n1"'""tli 
DC'AW" c.tsr"'r so1rn0Pnrvor 
c. .. sn-r C.Oh'PAl-o 'i .,..., wr "'"'r> ,. "'" 
H"'P.-ODUC.'10 .... p..,pr 01" A :Ii A w .. 01 r 
' wn-o ll' ""r W~""" PnwH:n:::." or 
oe.":sn-r c.owP ... "' 't "'"" ... r "rl'r,1 l:li 
wo .. 1 rri:. 
5 
olt?Cl>~V 13tDOol 
.... ,,,111::' ... IDol 
4 
~ ~115.'S 01HI""'61 s •IC l•E D: 
CilH,,. n:ii"' s """r .. '"'c. .. rs 
F'Qlrl'A .. C.f"S • 
rm-... c.110"'""' t 
A .. GUIAP0 h'AC. .. 1. lf'loD 1 
.,....0 Pl>iC.rDrc.lwAI :t 
""c-rr F'I A c.r Dre. .... A I ~ 
"'"'"'f'T c.ro ... ,.,.~ 
f'Qll"l'AlooCJ .. C. ff"~ 
"""'"' .... ' 
n .. tli .. 
DO ol013C'_..1 t D llL .... lolC 
3 
"'"""" r 
DC'AW"' 
c. ... rc.t'rt1 
noG APfiS' 
... re. APPP 
O• 
c.owwr .. rs· 
D A 'T 
2 
INITIAL ROLLER ASSY PARTS LIST 
IT EM I QTY I PART D ESC RIPT ION 
3 ITORQUEBAR 
2 I 2 IEND CAP 
3 6 PRIMARY LINKAGE 
4 6 SPRING 
5 6 ROLLER 
6 6 ROLLER SHAFT 
7 3 END CAP PIN 
TITLE: 
FIRST STAGE ROLLER ASSY 
RATIO C HAG ES 
THRU TORQUE 
SIZE DWG . NO . REV 
A TDl-3 
SC ALE : 1:10 WEIGHT : SHEET l 0 Fl 
Vl 
-
PPOWI ri!I t'I' a hf.II C. OhrlDU1fli!ll 
r .. ri .. roh,.,. 110 .. c.oa-r ..,,..,rD ''" rJ.iU 
DtAW .. c. tli r}lr SOI r P'h:l!P'rl''Y 0 r 
<. .. sn-r c.ow P'Ao .. ,.. "' Aw r .,,.,..,., 1o "'"' 
tr'H'ODUC.flO"' , .. ,. ... 54' 0 t AS A w .. 01 r 
""'"'our r"'r"'"''"" Pn-w1uoi.o or 
<. .. sn-r c.ow ""' .. ,.. "'..,..,. r "'nr, ti 
wo .. 11rro 
5 
-tt:'I ~.,. .~taot.4 
J1.••1C°Jl.I0'4 
4 
~ >11 ESS 01 •EI"> ISE S•EC HD: 
Dlwn.ou:.:i.-s 1otr" .. c. .. n 
re 1 n- ... "' c.r s· 
rl'AC.'10 .. AI ~ 
A .. C.UIAit ' WAC.J.t ! lr .. D ~ 
r\l(QJl'IAC.rDrc.w ... 1 r 
""trr ,., "'c.r D rc.H,. 1 
"'A'n-f'T C.rOhl'f'TtlC. 
rQlf"l'A"'C."C. P'A° 
... 11ifr1'L'1ol 
rtJ.itiJo 
ao .. 01 3C'_..1 t a,........,, c 
3 
r 
........ r .. .,. 
DtAW .. 
c. .. rc.r-rn 
f" .. G AP'fl't 
... re. APPi' 
,,. 
c.o ........ ,,.,s. 
2 
·-
SECOtm ROLUR ASSY PAR.TS LIST 
ITEM QTY PARTDESCRIPTIOH 
1 3 TORQUE BAR 
2 2 Etm CAP 
3 6 PRIMARY UtlKAGE 
4 6 SPRIUG 
5 6 ROLUR 
6 6 ROLUR SHAFT 
7 3 EHD CAP Piii 
TITLE : 
SECOND STAGE ROLLER 
ASSY RATIO CHAGES 
THRU TORQUE 
srzE DWG . N O . REV 
A TDl-4 
SC ALE: l :10 WEI G HT : SHEET l 0 F l 
Vi 
N 
53 
> u.. w 0 
w 
..... 
t::: 
,__ 
L 
.. 
a 
L 
~ 
.. 
e .. !!: 
i: 
.. t t. 
:s 
... 
.. 
< !:! < 
< > 
.. .. 
" 
::! < > 
a 
"' 
~ (I > (I 
"' 
a 
~ 
~ i:: a .. !?:: ..... 
"' 
" 
L .. 
.. 
) 
.Ji ':( ~ ~~ 
~ 
~ ~l~ 
.. 
.. 
a 
t ~ .:.. .. ,...:~a 
!: 
(I g~1!~~ ~" ~ 
~ ... ~ g" "" 
"O 
t e::.:; A:~ t. .. -
(I 
:i lQ ~~at; ~e ~ 
.. 
" 
.. 
(I 
a ..... ...:~ t • i:l < " 
a 
.. • > 
= 
F'ROF'HITAn ANDCONADlt.lnAl 
IMI l...,~Olll'M.4.1 O...,C0...,1.4.1...,ID N 1115 
Dll'A'wl.- N C IS l"I S01 f .. 11'0 .. HIY O~ 
"'lo.ISUI COM,..4....,Y ..,.......,.I "IU>- . .4....,Y 
VE .. roDtlC IO..., 1...,PAlll'I 0111' .4.S.4. WMOll 
WllMOtll IMIWlll'lll...,PHMSSOo.10~ 
.. lo.ISllll'ICOM .. .4.o.IY..., ......... l Mllll'E >- 5 
Plll'OMlllllD. 
5 
...,I XI .4.SS'r' tlSl00"' 
.4.,.,.1C.4.IO..., 
4 
UH LESS OTHE~VvlS E SPECIFIEC> : 
C>Uv'EHS)OHS ARE IH IH C He8 
TO LERAHCB: 
FRA CTl¢ HAL~ 
AHGUlAR: WACH:!: 8EH[> ~ 
TVu'O PlACE C>ECh\AAL .:!: 
THREE PlA C E C>ECIMAL :!: 
1...,11111' .. lll'fl CIOMlllll'C 
101111'.4....,CNC"lll' : 
M.4.11111'"'-1 
•NE11 
DO +-Cl SC.4.11 Dll'.4.Wlo.IC 
3 
C>RAVVH 
CHECKED 
EH<J APPR. 
WfG APPR. 
QA. 
CoMNEHt;, 
HAME [>ATE 
2 
TfTL£ : 
EXPLODED VIEW 
RATIO CHAGES 
THRU PNUEMATICS 
SIZE DWG . NO . REV 
A TD2-2 
SCAL£ : 1 :2 WEIGHT : SHEETl OFl 
UI 
+>-
f'tOm l'P.RY AWD COWR DI tllAL 
INE NIO~l~C~IAl~ED N IMEi 
DtA....,lt>C.~ INE SOIE F10PlflYOl-
< ~ltl ~PA ........ ~E NEH>. A...,.... 
HPli'ODLICI CN N PA'I Oli' AS A ....,NOi E 
....,11-0111 INE ....,1m11~ PEtM&So~o• 
<~UI ~PA...,.,. ~E NfHi- ~ 
Pli'ONl!UIO . 
5 
~IXI ASSY Ll:S:IDOt.I 
APP1CAID~ 
4 
L1~1ESS OIM E ...... !S:E :S:P'ECl .. IED: 
D ..... l~:S:Oll5 AH N NCN IS 
101 ltA~Cl!S: 
•tACIO~II 
A~CL11At : ~C".:! tE~D T 
...... o P1ACE DlCWIAI 
INfEI P1ACE DEC~MI 
NIEtPHI CfOMlltC 
101 UA..C NC PH: 
t.Mo.IEf~I 
•N~N 
CO ..0 I SCAI I Of A...., NC 
3 
...,,,, 
DtA....,~ 
CNEC'.ED 
l~CAPPt . 
M~CAPPt . 
QA. 
C°"""Ml~IS: 
""'" 
2 
INITIAL ROLLER ASSY PARTS LIST 
ITEM I QTY I PART DESCRIPTION 
1 I 2 IENDCAP 
2 I 6 !PNEUMATIC CYLIDER 
3 I 6 IROLLER SHAFT 
4 I 6 IROLLER 
5 I 6 !PRIMARY LINKAGE 
6 I 3 IEND CAP PIN 
TfTLE: 
FIRST STAGE ROLLER ASSY 
RATIO CHAG ES 
THRU PNUEMATICS 
SIZE DWG . NO. RBI 
A TD2-3 
SCALE: WBGKf: SHEET 1 OF 1 
Vl 
Vl 
,.IDPUETARY At.ll>CONfll>INTIAl 
IMI H'Ol~IOt.ICOt.llAlt.IED It.I IMri 
DIA""'lt.C. 5 I Mf SOI E P li'OP.UIYO~ 
-Cl"6UI COMP.A ....... ~ANll Miii>. ""'y 
HP.IODLICIOt.l It.I ,.,.._II O'ASA '°"'MOii 
\.IJl IOLll IMI Wfl II~ P'U'Mri.SOt.10' 
-cJ"6U'I COMPA.....- ~ANIE MUI > 5 
"'°"~1110. 
5 
t.IEXIASSY LISEDOt.I 
AHICAIOt.I 
4 
§ 
UlLE$1 OTHERVvllE IPE C flEP : 
PMEHSIOHSAREIH HCHES 
TO LERAHCES: 
FRA CTI OAAL! 
AHGUlP.2 : NA C Hz BEHD !: 
lVu'O PLO. CE DEChVAL :! 
THREE PIA CE PECIM'\l ' 
HIEl"lll CEOMEllC 
101 lfA .... Cl..C. "'I I : 
MAIUl6o.1 
'lt.lf;M 
DO .... 01 SCAif DIA\.l.olt.C. 
3 
PRA\Afl 
CHEC KED 
EHG APPR . 
Wf'G APPR . 
QA. 
CO nM/f HTS : 
W\11/E PATE 
2 
SECOND ROLLERASSY PARTS LIST 
ITEM I QTY I PARTDESCRIPTION 
1 I 2 IEND CAP 
2 I 6 I PNEUMATIC CYLIDER 
3 I 6 !ROLLER 
4 I 6 !ROLLER SHAFT 
5 I 6 I PRIMARY LINKAGE 
6 I 3 IEND CAP PIN 
. TITLE : 
SECOND STAGE ROLLER 
ASSY RATIO CHAGES 
THRU PNUEMATICS 
SIZE DWG. NO . REV 
A TD2-4 
SCALE : l :10 WEIGHT: SHEETl OFl 
Vt 
°" 
57 
Two Speed Clutch Design 
Conceptual design 
In this section a clutch design is discussed. This design uses a clutch that will move 
and engage one stage or the other stage with the output as seen in figure 25. Since, the 
design involves both roller assemblies being engaged at a time the input torque into each 
assembly is different. The first roller pair has an input torque in the same direction as the 
input angular velocity and the second roller pair has an input torque opposite the input 
angular velocity. 
INPUT 
r=-i OUTPUT 
---~I I I~---
D 
s 
C LUT C H 
MOVES 
TO ENGAGE 
F 
R 
AXIS OF ROTATION 
Figure 25. 2 speed clutch design 
The over all equations used to solve for this gear set are 
First S Last D 
(101) 
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First R Last F 
Where OJF = OJovTPVT (102) 
Roller direction 
The roller directions have been established through calculations made involving the 
angular velocity and the torque. The resulting roller directions can be seen in figure 26 and 
figure 27, along with the frictional forces on the intermediate rollers. The input angular 
velocity is clockwise and the input torque is also clockwise for the first stage, and the input 
angular velocity is clockwise for the second stage. The input torque on the second stage is 
clockwise. For both designs the first stage and the second stage have the same roller 
directions due to the self actuation feature and due to the loading circumstances, only one 
section at a time is loaded. 
Figure 26. FBD of roller assembly first stage 
Conclusions 
A 
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OQ 
Figure 27. FBD of roller assembly second stage 
The conceptual uses of this design are almost unlimited. When a speed ratio must be 
established for a product, assembly, or a subassembly in a direction along the axis of rotation 
or parallel to the axis of rotation this design will effectively meet such criteria. Additionally, 
the original traction drive design is theoretically highly efficient. This design captures the 
highly efficient nature, but does suffer losses due to the clutch, which means this design is 
not as attractive as the first conceptual design presented. This design can be repeated to 
establish as many speed ratios as required, but a designer must keep in mind the direction of 
the output torques. There are not any foreseen problems with this clutch design. An 
assembly, exploded view, and the roller assemblies can be viewed for both designs on pages 
60, 61, 62, and 63. 
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Two Speed Planet Roller Traction Drive Design 
Conceptual design 
This design is a standard two speed gear design involving the use of brakes to 
establish the speed ratios. The traction drive design as well as the calculations required are 
presented for this conceptual design. Figure 32 shows the diagram of the design. 
Bl 82 
C i-----~ E 
A OUTPUT 
Figure 32: 2 speed planet design 
First, the angular velocity of the members is established. The over all equations used 
to solve for this set are 
First S - Last D 
rs Ns OJD - OJF 
-=-=~-~ 
ro No ms -OJF 
(103) 
First R - Last F 
(104) 
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Angular velocity 
The inputs mR =ms and mD = 0 or mF = 0 dictates the path the power is transmitted 
through the assembly. First an equation is derived from equation 103 for the output of mF . 
(105) 
Then, it is also important to establish the output angular velocity, mA which can be 
determined by rearrangement of equation 104. 
(106) 
Brake 1 is engaged and brake 2 is disengaged then mD = 0. The output angular 
velocity mF can be found from equation 107. 
(107) 
This forces F to rotate about the central axis counterclockwise. Then mF can be 
substituted into equation 106 providing a solution for the output angular velocity mA 
(108) 
A simplified solution is presented in equation 108b, in order to determine the 
direction of rotation about the central axis for mA . 
(108b) 
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From equation 108b it is determined that mA will rotate in the opposite direction 
If brake 1 is disengaged and brake 2 is engaged then mF = 0 . The output angular 
velocity mA can be found from equation 106. 
(109) 
This forces mA to rotate about the central axis in a counterclockwise motion, which 
confirms the solution found in equation 108b. 
The angular velocities of the two stages have been established, but in order to achieve 
the self actuation feature, the loads or a torque analysis must be performed to determine the 
direction of the rollers. The key to the self actuation feature is an applied moment that 
wedges the rollers between the central shaft and the outer cylinder. This self actuation is 
established through a torque analysis. 
Roller direction stage 1, brake 1 engaged and brake 2 disengaged 
The free body diagram of the input shaft for the planet roller traction drive is shown 
in figure 33. 
67 
Figure 33. FBD of the stage 1 shaft 
The free body diagram can be resolved into two forces, the first is the input torque 
from the shaft, which is in the same direction as the angular velocity, and the second is the 
resulting normal and frictional force. All of the normal forces acting throughout the roller 
assembly do not contribute to the moment equations. Then, assuming that there is no 
slipping or losses, the frictional force on the shaft can be established as 
(llOa) 
From this equation it is determined that 
(llOb) 
The next step is to determine the frictional force acting between the two intermediate 
rollers. A free body diagram depicting the resulting loads can be seen in figure 3. It is also 
important to note that the frictional force fsc is equal and opposite to the frictional force 
acting on the roller, therefore fsc = fcs . 
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/ 
I , 
-,rec 
- _.,,. fcs 
' 
' s \ ' Fcs \ I . OQ \ 
Figure 34. FDB of the inner roller 
The moment is summed about the central axis of the roller eliminating the 
contribution of the normal loads occurring. 
From equation 11 la it is determined that 
f es =fee 
(Ula) 
(lllb) 
A free body diagram of the outer roller of the intermediate roller pair is shown in 
figure 35. Again the frictional force acting between the rollers f ee is in the opposite 
direction for the free body diagram of the outer roller. 
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Figure 35. FBD of outer roller 
The moment is summed about the central axis of the outer roller, where the normal 
forces are not contributing. 
(112a) 
From equation 112a it is determined that 
f ee = f ev (112b) 
The free body diagram for the entire roller pair is shown in figure 36. 
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F ' s 
cs \ OQ 
Figure 36. FBD of first stage roller assembly 
The moments are summed about Q to determine a value for P. 
From equation 113a it is determined that 
The free body diagrams shown and the resulting forces and directions were 
(113a) 
(113b) 
previously known from experience, yet if the directions of the frictional forces are not known 
and the input torque is known the moment equations as demonstrated will result in answers 
with the correct directions. 
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Roller direction stage 2, brake 1 engaged and brake 2 disengaged 
Establishing JFE in terms of P, is shown in the following equations, using figure 32 as 
a reference for the free body diagram, and summing the moments about the input shaft's axis 
it is determined that 
(114a) 
(114b) 
Equation 115 provides an equation, where the frictional force on the outer roller of 
the second stage can be calculated. 
(115a) 
(115b) 
The normal force is collinear with the center of the system which eliminates the 
normal force as a contribution to the torque analysis which can be seen in figure 37. 
FrE 
Figure 37. FBD of second stage ring 
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The forces acting on the outer roller are depicted in the free body diagram shown as 
figure 38. 
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Figure 38. FBD of outer roller 
The force JFE is equal and opposite to J EF . The moments are summed about the 
central axis of the outer roller providing 
(116a) 
From equation 116a it is determined that 
(116b) 
The force JEE = JEE is seen in figure 39. Figure 39 shows the free body diagram of 
the inner roller on the second stage. 
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Figure 39. FBD inner roller 
The moments are summed about the central axis of the inner roller in order to 
determine the friction force f ER • 
(117a) 
From equation 13a it is determined that 
(117b) 
The forces on the roller assembly have been established and now the moments are 
summed about the center of the roller assembly at Q. The normal forces do not contribute to 
the moment equation, since they are collinear with the center of the roller assembly. 
/ 
/. 
/ F ER 
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l 0 
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Figure 40: FDB of the second roller assembly 
Solving for the output torque from equation 118 A( rA) is 
(118) 
(119) 
(120) 
As a reference it is also established that the sum of the torques is equal to the input 
torque. 
(121) 
Roller direction stage 2, brake 1 disengaged and brake 2 engaged 
If the input shaft is broken into two sections and an analysis is completed just on the 
input torque, it is known that the clockwise input for the first stage is equal and opposite on 
the second stage. Thus, it is known that the input torque on the second stage is in the 
counterclockwise direction. A free body diagram of the input shaft is shown in figure 41. 
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Figure 41. FBD of the second stage of the shaft 
The moment is summed about Q providing equation 122a. 
(122a) 
From equation 122a it is determined that 
(122b) 
The next step is to determine the frictional force acting between the two intermediate 
rollers. A free body diagram depicting the resulting loads can be seen in figure 42. It is also 
important to note that the frictional force !RE is equal and opposite to the frictional force 
acting on the roller, therefore !RE= !ER. 
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Figure 42. FBD of inner roller 
The moment is summed about the central axis of the roller eliminating the 
contribution of the normal loads occurring. 
(123a) 
From equation 123a it is determined that 
(123b) 
A free body diagram of the outer roller of the intermediate roller pair is shown in 
figure 43. Again the frictional force acting between the rollers f EE is in the opposite 
direction for the free body diagram of the outer roller. 
77 
/'<- - -... 
' ' v ' \ 
.;.._ '~EE' El \ 
,-, y- I \ 
I ' I_) J I 
\ ""- ' I 
\' / 
/.,.,..--~-..,..,./ 
/ ' I \ 
I \ 
I 0 \ 
Q 
Figure 43. FBD outer roller 
The moment is summed about the central axis of the outer roller, where the normal 
forces are not contributing. 
(124a) 
From equation 124a it is determined that 
(124b) 
The free body diagram for the entire stage is shown in figure 44. 
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Figure 44. FBD of second roller assembly 
The moments are summed about Q to determine a value for A. 
(125a) 
From equation 125a it is determined that 
(125b) 
Conclusion 
For this conceptual traction drive design the process for determining the roller directions has 
been presented. The basic free body diagram presented allows for the direction of each roller 
pair to be established. The angular velocity of each rolling pair is also required to establish 
the direction of each roller pair. This conceptual design does have the efficiency of the 
original design, but it will suffer losses because of the brakes required. An assembly, 
exploded view, and the roller assemblies can be viewed for the design on pages 79, 80, 81 , 
and 82. 
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Three Speeds with Reverse Gear Box, Four Speeds Traction 
Drive Design 
Conceptual design 
This design is used to demonstrate that a gear design can be incorporated into a 
traction drive design. In figure 49, which depicts the diagram of the design, the OWC stands 
for a one way clutch. A one way clutch only allows motion in one direction, and is used 
when transient conditions are of concern. As will be demonstrated, the three speeds with 
reverse gear design becomes a four speed traction drive design. 
~82 CR owe C2 
™ 
Input _Is 
_I_s 
b 4 c T T 
~ 3 ~ Output 
a a 
P//71 ~ - V///j 0: Housing 2 
(a) Simpson gear set 
Activated clutches 
Range 
C1 C2 CR 82 owe 
Drive 1 x ® x 
Drive 2 x x 
Drive 3 x x 
Reverse x x 
@ For downhill braking only 
(b) Clutching sequence 
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Figure 49. 3 speeds with reverse diagram and chart (Ref. 20) 
Angular velocity 
First, the angular velocity of the members is established. The over all equations used 
to solve for this set are in equations 126 and 127. Each different gear ratio is established 
through the chart in figure 49. 
First 3 - Last 4 
r3a _ OJ4 -m2 
r4 ~ -m2 
First 3 - Last 2 
r: {J), - f1) 
..l!L= 2 ""! m =m 
r2 ~ -~, out 2 
Knowing the radii of each member will provide a solution to the direction of the 
(126) 
(127) 
angular velocity of each member. For the following calculations it is assumed that r3b is 
greater than r3a . Additionally, r4 and r2 are greater than r3b. 
The first ratio is established from engaging Cl , C2, and OWC, which provides the 
angular velocities for two of the parameters in equations 126 and 127. For the traction drive 
design, the C2 and the OWC is replaced with a brake. 
~ =0 
(128) 
Using the known angular velocities from equation 128 and equations 126 and 127, the 
unknown angular velocities can be found. 
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(129) 
(130) 
Equation 130 demonstrates U1z is in the same direction as a>;n for the first ratio. 
The second ratio is established by engaging Cl and B2, which provides the angular 
velocities for two of the parameters in equations 126 and 127. 
(131) 
Using the known angular velocities from equation 131 and equations 126 and 127, the 
unknown angular velocities can be found. 
(132) 
(133) 
Equation 132 demonstrates m2 is in the same direction as a>;n for the first ratio. 
The third ratio is established by engaging C 1 and C2, which provides the angular 
velocities for two of the parameters in equations 126 and 127. 
(134) 
Using the known angular velocities from equation 134 and equations 126 and 127, the 
unknown angular velocities can be found. 
(135) 
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(136) 
Equation 135 demonstrates OJ2 is in the same direction as a>;n for the first ratio. 
Reverse or the fourth ratio for a traction drive design is established by engaging Cl 
and CR which provides the angular velocities for two of the parameters in equations 126 and 
127. 
~ =0 
(137) 
Using the known angular velocities from equation 137 and equations 126 and 127, the 
unknown angular velocities can be found. 
(138) 
(139) 
Equation 139 demonstrates OJ2 is in the same direction as a>;n for the first ratio. 
The fundamental equations used for a standard geared drive train would be different 
than that of a traction drive train. The equations would be 
First 3 - Last 4 
_ N 3a _ OJ4 - 01i 
N1 llJ.i -OJ2 
(140) 
First 3 - Last 2 
N m - rt> 
_--1.!z... = 2 '""1 OJ = {J), 
N ' out 2 
2 m.i -01i 
(141) 
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From the calculations completed in determining the angular velocity of the three 
speeds and reverse, it is found that the direction of the angular velocity is such that there are 
four distinct ratios all in the same direction as the input angular velocity. The resulting 
output angular velocities are found in equations 142, 143, 144, and 145. This seemed 
unusual so calculations were made assuming this is a geared system. 
First gear constraints result in an angular velocity in the same direction as 
calculated in equation 130. 
01z = -N3b N4m;n + N 3a N2 
N 3b (-N4 + N 3a ) 
Second gear constraints result in an angular velocity in the same direction as 
calculated in equation 132. 
N 
{J), = ()). 4 
2 '"(N -N ) 4 3a 
Third gear constraints result in an angular velocity in the same direction as 
calculated in equation 135. 
(142) 
(143) 
(144) 
Reverse gear constraints result in an angular velocity in the opposite direction as 
calculated in equation 140. 
N 
{J), = - __]£_ {J), 
2 N in 
2 
(145) 
From this design analysis the anticipated resulting angular velocities would 
simply be just in the opposite direction of a geared counterpart. The resulting calculations 
confirm that this design is a three speed with reverse gear design, yet it is a four speed 
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traction drive design. The resulting conclusion involving angular velocities is that the 
calculations must be performed in order to find the direction of the angular velocities, and if 
using a geared system's diagram and design, the final outputs may be in different directions 
for a traction drive design. 
Roller directions 
In order to establish the first ratio of the traction drive design, Cl and a break 
replacing CR and the one way clutch are used to establish the angular velocities. In figure 50 
a torque diagram is presented for the actions and reactions that occur due to the input 
parameters to achieve the first gear ratio. 
owe 
Input 
1' 
_Is 
' 
_IB' 
T-~ , b I 
' 
3 , WA Output 
a------------------------------------------..----------------- a 
0: Housing 
2 
Figure 50. FBD of first ratio (Ref. 20) 
Clutch 1 is engaged, which provides outer ring 6 with a clockwise torque from the 
clockwise input torque as seen in figure 51. 
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Figure 51. Input torque from 4 
The input force from the input torque generates an equal and opposite frictional force 
on roller 62, which is shown in the figure below. 
4 
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Figure 52. FDB of outer roller 
From this free body diagram the frictional force between the two rollers is established 
by summing the moments about the axis of roller 62. 
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(146a) 
From equation 21a it is determined that 
(146b) 
The force f 66 is equal and opposite on roller 61 as shown in figure 52. 
Figure 53. FBD of inner roller 
The moments are summed about the axis of roller 61, which produces equation 147a. 
(147a) 
From equation 147a it is determined that 
(147b) 
The frictional force between the shaft and roller 61 is equal and opposite on the shaft 
as seen in figure 54. This allows for the torque and direction of the torque to be solved for on 
3 at the first stage. 
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Figure 54. FBD of shaft at the first stage 
Summing the moments about Q provides a solution for the torque on 3 at stage 1. 
(148a) 
From equation 148a it is determined that 
(148b) 
The analysis continues with finding the last unknown in the roller assembly, which is 
C. The moments are summed about Q, in figure 55 which is a free body diagram of the roller 
assembly. 
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Figure 55. FBD of roller assembly 
Summing the moment about Q yields 
(149a) 
Solving for Crc 
(149b) 
The analysis on the first stage is complete, for gear 1. The second stage is not just as 
intuitive as stage 1. First, the torque going into the second stage must be established. This is 
done by making a free body diagram of the arm C and the outer ring 2, which can be seen in 
figure 56. 
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Figure 56. FBD of arm and ring 2 
It is known that the torques must add up to zero, which leads to equation 150a. 
(150a) 
From equation 150a and substituting the friction forces into the equation it is 
determined that 
-C !!;:__ = f 25 (150b) 
r1s 
Knowing the direction and amplitude of the torque on 2, as seen in figure 57, an analysis on 
the second stage can be completed. 
Fzs 
-,.,...~·· · ....... 
------- '/ . ' 
f25 / 1 ,,,r ""'-. \ 
I \ ly ' I 
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l 0 I 
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Figure 57. FBD of second stage outer ring 
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From the FBD seen in 57, it is known that the forces acting on the outer ring in the 
second stage are equal and opposite on the outer roller, which can be seen in figure 58. 
From the free body diagram in figure 58, the frictional force between the two rollers 
is established by summing the moments about the axis of roller 52. 
L M s2 = fss rs2 - fs2 rs2 = 0 (151a) 
From equation 151a it is determined that 
fss = fs2 (15lb) 
Fsz 
\ 
Figure 58. FBD outer roller 
The force acting between the two rollers is equal and opposite on roller 51. The 
moment is summed, which determines the frictional force between the inner roller and the 
shaft. The free body diagram for the inner roller is shown in figure 59. 
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Figure 59. FBD of inner roller 
The moments are summed about the axis of roller 51, which produces equation 152a. 
(152a) 
From equation 152a it is determined that 
f ss = fs3 (152b) 
The frictional force between the shaft and roller 51 is equal and opposite on the shaft 
as seen in figure 60. This allows for the torque and direction of the torque to be solved for on 
3 at the second stage. 
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Figure 60. FBD of 3 at second stage 
Summing the moments about Q, provides a solution for the torque on 3 at stage 2. 
(153a) 
From equation 153a it is determined that 
(153b) 
The analysis continues with finding the last unknown in the roller assembly, which is 
C. The moments are summed about Q, in figure 61. 
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Figure 61. FBD of roller assembly second stage 
Summing the moment about Q yields 
(154a) 
Solving for brb 
(154b) 
The analysis on the second stage is complete, for gear 1, although the torque analysis 
is not finished. First, the reaction torque of 1 must be calculated. Then, the reaction torque 
of 3 must be calculated. A free body diagram of the arm on the second stage is presented in 
figure 62. 
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Figure 62. FBD of arm of second stage 
It is known that the torques must add up to zero, which leads to equation 155a. 
(155a) 
From equation 155a and substituting the friction forces into the equation it is 
determined that 
-b 'b - I' 
-J, (155b) 
1j 
Knowing the direction and amplitude of the torque on 1, as seen in figure 62, an 
analysis on the second stage is completed. Some of the established ratios allow for 1 to be 
free to rotate, in these cases the torque on 1 is equal to the torque on b. The intermediate 
roller labeled 3 in first gear is allowed to rotate freely, so the torque and direction of the 
torque is not of concern. Some of the established ratios will not allow for the arm of 3 to be 
free to rotate in these situations. A reference free body diagram has been established in 
figure 63. 
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Figure 63. FBD of arm 3 
/ T3b 
/ 3 , 
As noted in equations 1 and 2, the radius of 3 is different for each stage of the 
traction drive design. This is a very important consideration that is accounted for in equation 
156a. The sum of the torques must be equal to zero. 
(156a) 
From equation 156a it is determined that 
(156b) 
An entire analysis has been established for the speed ratio of 1. The same analysis 
was completed on all of the different ratios, establishing the torque directions and the 
reaction torques on the arms. The reaction torques on the arms may differ, but the same 
analysis procedure is used as was demonstrated. The resulting torque analysis provided the 
resulting free body diagrams in figures 64, 65, and 66. The resulting torque analysis 
completed for each ratio determined that the established roller directions as demonstrated in 
all of the free body diagrams for each stage is correct. Figure 64 depicts a free body diagram 
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of the second ratio, member 1 is allowed to freely rotate, which makes the torque on member 
b equal to the torque on member 1. 
1 
Input 4 
O: Housing 
2 
Figure 64: FBD of second ratio (Ref. 20) 
Figure 65 depicts a free body diagram of the third ratio, member 1 is allowed to freely rotate, 
which makes the torque on member b equal to the torque on member 1. 
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Figure 65. FBD of third ratio (Ref. 20) 
Figure 66 depicts a free body diagram of the fourth ratio. Member 4 is allowed to freely 
rotate. 
CR owe 
l I C1 
Fre~ to rotate .... r I I 
Input 
V///.1 ' 3 ' V~ Output 
a---------------------------------------+---------------- a Wh1 W/A 
O: Housing 
2 
Figure 66. FBD of fourth ratio (Ref. 20) 
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Conclusion 
For this conceptual traction drive design the process for determining the roller 
directions have been presented. The basic free body diagram presented allows for the 
direction of each roller pair to be established. The angular velocity of each rolling pair is 
also required to establish the direction of each roller pair. This conceptual design does have 
the efficiency of the original design, but it will suffer losses because of the brakes required. 
It is also important to establish that this design can be repeated to obtain more speed ratios, 
but it may not be an efficient use of material. The roller directions are shown in the free 
body diagrams produced through analysis. The drawings do not depict the roller directions. 
An assembly, exploded view, and the roller assemblies can be viewed for the design on pages 
103, 104, 105, and 106. 
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Multiple Speed Traction Drive with Future Considerations 
Elastic hollow rollers 
A section is presented on hollow rollers filled with an elastic material, this would 
allow for the shaft of the roller to be held in place without a rigid design, which allows for 
elastic deflection of the roller assembly. The elastic deflection that occurs will help in the 
stress distribution, which can elongate roller life. It is recommended that the elastic hollow 
rollers be produced and tested. 
Composite considerations 
As progressing through this work an idea arose that is also recommended for future 
work, which is to investigate the possibility of composite coatings for the traction drive 
rollers. Advanced fiber composites are traditionally used in weight critical applications 
because of their high specific strength and specific modulus. However, there is now an 
increasing demand for high specific fracture energy absorption. Collisions and multiple 
impacts are the specific applications that desire high specific fracture energy absorption. 
Composites are of high interest for this specific application of the traction drive. The stress 
redistribution is of particular interest, when a fiber is stressed to failure over the debonded 
length, it relaxes back and regains its original diameter. In doing so, the strain energy stored 
in the fiber is redistributed to the matrix. The fracture toughness equation can be found in 
Advanced Technology for Design and Fabrication of Composite Materials and Structures on 
page 243 (Ref. 21). 
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Efficiency 
There is a test setup that has been developed with a prototype traction drive at Iowa 
State University, which needs funding to finalize publishable results of the efficiency; it is 
highly recommended that the efficiency be produced for the self actuating traction drive 
design. It is also inportant to contract out the job of producing the efficiency for the self 
actuating traction drive, but funding is required. 
Second generation designs of traction drives where multiple speed ratios are obtained 
have not been well established. Five second generation conceptual designs are presented in 
this section. It is recommended that prototypes of these designs be produced and tested for 
functionality, as well as losses, either through the efficiency of the rollers or the work lost 
due to braking or clutches. 
Conceptual designs for traction drive 
1. 2 speed design, with ratio changes through mechanical mechanism 
2. 2 speed design, with ratio changes through pneumatic mechanism 
3. 2 speed design, with ratio changes through a clutch 
4. 2 speed planet design with ratio changes through brakes 
5. 3 speeds with reverse gear design, with ratio changes through clutches and 
breaks, which is a four speed traction drive design. 
For conceptual designs 1, 2, and 3 a two speed design was developed, but repeating 
the pattern of the design will allow for as many ratios possibilities as a designer needs to 
meet constraints or criteria of a design. 
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Conceptual designs 4 and 5 do not have the same flexibility in design to repeat a 
simple section to obtain more ratio configurations, but the entire conceptual design can be 
repeated where the output becomes the input into the repeated design, where different ratios 
from the first design are established. 
Drive Axis Options 
1. Inline with drive 
2. Parallel with drive 
3. Perpendicular with drive 
4. Angle with drive 
Drive Mechanisms 
1. Chain 
2. Belt 
3. Shaft changing direction 
4. Direct inline with axis 
5. Use assembly to replace drive shaft and transmission in car 
Ideas for Prototype 
1. Man powered bicycle 
2. Motorized bicycle 
3. Man powered tricycle 
4. Motorized tricycle 
5. Go-cart 
6. Motorized car using multiple speed traction drive 
7. Motor cycle transmission mounted in rear wheel 
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A few ideas of future designs and possibilities have been presented in this paper. The 
conceptual designs presented will function properly and be highly efficient. 
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